(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date 
30 May 2002 (30.05-2002) 




PCT 



illllllllllllll 

(10) International Publication Number 

wo 02/43115 A2 



(51) International Patent Classification^: 



HOIL 



(21) International Application Number: PCT/USO 1/44006 

(22) International Filing Date: 

19 November 2001 (19.1 1.2001) 



(25) Filing Language: 



(26) Publication Language: 



, English 



English 



(30) Priority Data: 
60/253,693 
60/283,584 
09/944,734 



24 November 2000 (24.1 1.2000) US 
13 April 2001 (13.04.2001) US 
31 August 2001 (31.08.2001) US 



(71) Applicant: ASM AMERICA, INC. [US/US]; 3440 East 
University Drive, Phoenix, AZ 85034-7200 (US). 

(72) Inventors: POMAREDE, Christophe, F.; 3328 Glen- 
haven Drive, Phoenix, AZ 85048-7878 (US). ROBERTS, 

^5 Jeff; 664 West Deset Bloom, Chandler, AZ 85248 (US). 
^5 SHERO, Eric, X; 3820 North 30th Street, Phoenix, AZ 
= 85016 (US). 



(74) Agent: DELANEY, Karoline, A.; Knobbe, Martens, Ol- 
son & Bear, LLP, 620 Newport Center Drive, 16th Floor, 
Newport Beach, CA 92660 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AT 

(utility mode!), AU, AZ, BA, BB, BG, BR, BY, BZ, CA. 
CH, CN, CO, CR, Cy, CZ, CZ (utility model), DE, DE 
(utility model), DK, DK (utility model), DM, DZ, EC, EE, 
EE (utility m9del), ES, FI, FI (utility model), GB, GD, GE, 
GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, 
LC, LK, LR. LS, LT, LU, LV. MA, MD, MG, MK. MN. 
MW, MX, MZ, NO, NZ, PH, PL, 1>T, RO, RU, SD, SE, SG. 
SI,» SK. SK (utility model). SL, TJ. TM, TR, TT. TZ, UA. 
UG, UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE. LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ. BY, KG. KZ, MD, RU. TJ, TM), 
European patent (AT, BE. CH, CY. DE. DK, ES. FI. FR, 
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent 
(BF, BJ, CF, CG, CI, CM, GA. GN. GQ. GW, ML, MR. 
NE, SN, TD. TO). ' . , 

Published: 

— without international search report and to be republished 
upon recent of that report 



[Continued on next page] 



= (54) Title: SURFACE PREPARATION PRIOR TO DEPOSITION 



EXCITED SPECIES 
SURFACE TREATMENT 



ATOMIC LAYER 
DEPOSTION 



POLY--Si OR 
POLY-SIGe DEPOSITION 



< 

^ (57) Abstract: Methods are provided herein for treating substrate surfaces in preparation for subsequent nucleation-sensitive depo- 
sitions (e.g.. polysilicon or poly-SiGe) and adsorption-driven deposition (e.g. atomic layer deposition or ALD). Prior to depositing, 

^ the surface is treated (110, 125) with non-depositing plasma products. The treated surface more readily nucleates polysilicon and 
poly-SiGe (such as for a gate electrode (220)), or more readily adsorbs ALD reactants (such as for a gate dielectric (260)). The 
surface treatment provides surface moieties more readily susceptible to a subsequent deposition reaction, or more readily susceptible 
to further surface treatment prior to deposition. By changing the surface termination of the substrate with a low temperature radical 

^ treatment, subsequent deposition is advantageously facilitated without depositing a layer of any appreciable thickness and without 

^ significantly affecting the bulk properties of the underlying material. Preferably less than 10 A of the bulk material incorporates the 

^ excited species, which can include fluorine, chlorine and particularly niUDgen excited species. 
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SURFACE PREPARATION PRIOR TO DEPOSITION 

Field of the Invention 

The invention relates generally to surface preparation prior to film 'deposition for semiconductDr 
fabrication, and more particularly to surface preparation to facilitate adsorption in subsequent atomic layer 
deposition (ALD) processes, or to facilitate nucleation of subsequent cheniica) vapor deposition processes. 

Background of the Invention 

Integrated circuit design is constantly being scaled down in pursuit of faster circuit operation and 

lower power consumption. Scaled dimensions in a circuit design generally requires attendant changes in 

I 

fabrication processing. 

A basic building block of integrated circuits is the thin film transistor (TFT). As is known in the art, 
the transistor typically includes a gate electrode separated from a semiconductor layer or substrate by a thin 
gate dielectric material. Although a common acronym for state-of-the-art transistors is MOS, for metal- 
oxide-silicon, the material of choice for the gate electrode has long been silicon rather than metal. Among 
other advantages, silicon gate electrodes are able to withstand high temperature processes and enable self- 
aligned doping processes used for completing the transistor, thus saving expensive masking steps. 

Accordingly, conventional gate electrodes are formed of polysilicon doped with conductivity- 
enhancing impurities, such as arsenic, phosphorus or boron. Silicon can be deposited by CVD with /n situ 
doping by flowing a dopant source gas (e.g., arsine, phosphine, diborane, ete.) concEunrently with a silicon 
source gas (ag. silane). 

Recently, interest has been drawn to the possibility of doping silicon electrodes with gennanium, 
thereby reducing the electrical work function of the transistor gate electrode. Accordingly, a reduced 
voltage Is needed to operate the circuit, consequently generating le[ss heat. Moreover, a silicon germanium 
gate electrode remains compatible with sunounding materials and current integrated circuit fabrication 
processes. Proposals for flowing silicon germanium layers include in situ doping of a silicon layer by 
forming gemnane (GoHa) along with silane (SiH4) in a chemical vapor deposition (CVD) process. 

While in situ doped CVD processes have been found to be effective in producing silicon 
germanium, the addition of germane to the silane flow has been found to significantly increase incubation or 
nucleation times over dielectric materials, particularly oxides such as silicon dioxide and some of the high-k 
materials discussed below. Similarly slow nucleation over dielectric materials occurs when chemteal vapor 
depositing polysilicon, and is particulariy acute when in situ flowing other dopant source gases. 

Slow nucleation entails higher overall deposition times, tower throughput and consequently greater 
fabrication costs. The semiconductor industry is very sensitive to fabrication costs. Accordingly, any 
increase in wafer throughput, at any stage of processing, translates to reduced production costs and higher 



wo 02/43115 



margins. Furthermore, the initial poor nucleation can lead to poor quality of the resultant layer, including 
problems with stoichiometry, density, surface planarity, etc. , ' 

One way In which SiGe or other in.situ dope^l silicon deposition has been hastened is by the first 
fonnation of a nucleation layer, typically of polysilicon, over the gate dielectric, followed by poly-SiGe 
deposition. However, this additional step complicates the process flow and requires adjustment of the 
doping concentrations at the dielectric-electrode interface to* ensure the desired work function for 'the 
transistor. 

Another area in which process control is particularly critical is the fabrication of transistor gate 
dielectrics. In the pursuit of ever faster and more efficient circuits, semiconductor designs are continually 
scaled down with each product generation. Transistor svwtching time plays a large role in the pursuit of faster 
circuit operation. Switching time, in tum, can be reduced by reducing the channel lengtli of the transistors. In 
order to realize maximum improvements in transistor perfonnance, vertical dimensions should be scaled along 
with horizontal dimensions^.^ Accordingly, effective gate dielectric thickness, junctton depth, etc. will all decrease 
with future generation integrated circuits. 

Conventional gate dielectrics are formed of high quality silicon dioxide and are typically refened to as 
"gate oxide" layers. Ultra thin gate oxides (e.g.,iess than 5 nm), howe\^er, have been found to exhibit high 
defect densities, including pinholes, charge trapping states, and susceptibility to hot earner injectton effects. 
Such high defect densities lead to leakage cunrents through the gate dielectric and rapid device breakdown 
unacceptable for circuit designs with less than 0.25 pm gate spacing, /.&, sub<|uarter-mlcron technok)gy. 

While care under laboratory conditions can be used to control defect densities, such control has been 
difficult to Achieve under commercial volume fabrication conditions. Moreover, even if the integrity of the oxide 
is perfecHy maintained, quantum-mechanical efiiects set ftindamentel limite on tiie scaling of gate oxMe. At 
high fields, direct tunneling dominates over Fowler-Nordheim tunneling, and largely detennines 0)dde scaling 
limits. These scaling limits have been estimated at about 2 nm for logic circutte, and about 3 nm for more 
leakage-sensitive memory anays in dynamic random access memory (DRAM) circuits. See, e.g., Hu et al., 
"Thin Gate Oxides Promise High Reliability," Semiconductor International (July 1998). pp. 215-222. 

Theoretically, incorporating materials of higher dielecfalc constent into tiie gate dielecbfic opens ttie 
door to further device scaling. Due to higher dielectric constent, many materials can exhibit tiie same 
capacitance as a thinner silicon dioxide layer, such that a lower equivalent oxide thickness can be achieved 
without tunnel-limited behavior. Silicon nitride (SiaN^ for example, has a higher dielecbic constant than SiOz 
and also demonstrates good diffusion barrier properties, resisting boron penebration. More exotic materials 
with even higher dielectric constents, including aluminum oxide (AI2Q3), zirconium oxide (Zr02), hafnium oxide 
(HfOa). barium strontium ti'tenate (BST), strontium bismuth tentalate (SBT), tantalum oxide (TaaOs), ete., are 
also being investigated to allow further device scaling. 

Similar high quality, thin dielectric layers are desirable in otiier contexte of integrated circuit 
fabrication. Integrated capacitors in memory anays must exhibit a certain minimum capacitance for proper 
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data storage and retrieval. Some efforts to increase capacitance for a given memory cell space iiave focused 
on the use of materials characterized by high dielectric constants (high Ic materials), such as those listed above. 

As noted above, it is often difficult to deposit' electrode materials, such as polysllicon, amorphous 
silicon, and particulariy doped sificon or silicon gemianitim alloys, over conventional silicon oxides as well as 
many of the high k materials cun^ntly under investigation. Many ottrer types of materials and deposition 
techniques in integrated circuit fabrication face issues ttiat depend upon ttie substrate surface upon which the 
material is to be deposited. 

Intemaediate layers are often deposited prior to deposition of ttie desired functional layer for a variety 
of remedial reasons, including otiienwise poor adhesion, nucleation, electrical Interfece properties, difftision, 
etc. Such intemnediate layers add to the complexity and cost of ^rication, and can also occupy valuable 
space wittiln high aspect ratio features, such as contact vias or folded stmctures for high surface area 
capacitors. In some contexts, like gate dielectrics and capacitor dielectrics, additional layers increase the 
overall dielectric thickness'^and reduce ttie effectiveness of ttie layer, contrary to flie trend for scaling down 
integrated circuits. 

Accordingly, a need exists for improving ttie speed, efficiency, quality and unifonnity of depositing 
layers in semiconductor fabrication. 

Summary of ttie Invention 
In satisfaction of ttiis need, methods are provided herein, for treating ;substrate surfeces in 
preparation for subsequent deposition. In particular, ttie mettiods are provided for preceding nucleation 
sensitive depositions (e.g., polysllicon or poly-SiGe) and adsorption driven deposition (e.g. atomic layer 
deposition or ALD). 

Prior to depositing, ttie prefenred embodiments treat ttie surface witti plasma products. 
Advantageously, CVD polysillcon and poly-SiGe more readily nucleates over ttie treated surface, or ALD 
reactants more readily adsorb upon ttie treated surface. The surfece treatment provides surfece moieties 
more readily susceptible to a subsequent deposition reaction, or more readily susceptibfe to furttier surface 
treatment prior to deposition. By changing tiie surface tennination of Uie substrate witti a low temperature 
radical treatment, subsequent deposrtiori is advantageously facilitated without depositing a layer of any 
appreciable thickness and without significantly affecting the bulk properties of the underiying material. 

Exemplary plasma product treatment includes provision of F, CI, H or N radicals, particulariy 
Uirough a remote plasma module attached to a deposition chamber for in situ surface treatment prior to 
deposition. 

Brief Description of the Drawings 
These and other aspects of the invention will be readily apparent from tfie following description and 
from the appended drawings, which are meant to illustrate and not to limit the invention, and wherein: 
FIGURE 1 is a schematic sectional view of an exemplary single-substrate reaction chamber; 
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FIGURE 2 is a gas flow schematic, Illustrating reactant and purge gas sources In accordance wKh 
a prefened emt)odiment of the present invention; 

h FIGURE 3 is a flow chart generally showing steps for treating sut>strates in accordance with the 
prefened embodiments; 

FIGURES 4A and 4B are schematic sections of a transistor gate stacic constmcted in accordance 
with prefened embodiments of the invention; and 

FIGURE 5 is a flow chart illustrating the sequence for two embodiments of the invention. 

Detailed Description of the Prefened Embodiment 
The skilled artisan will readily appreciate that the principles disclosed herein will have appiicaflon 

I 

to a variety of contexts in which interface preparation prior to deposition is desired. Such preparatibn is 
particularly advantageous for nucleation-sensitive and adsorption-driven processes. 

in accordance with the prefened embodiments, the invention provides treatment of surfaces with 
plasma products prior to deposition. The plasma pnxiucts preferably modify surface temiination to malce 
them susceptible to subsequent deposition 

As noted in the Baclcground section above, many deposition processes are sensitive to f^^ 
over which deposition is required. Doped polysilioon and polycrystalline silicon-gennanlum alloy' (poly- 
SiGe) tend to nucleate poorly over silicon oxide, as Is well known in the art, and also over newer high-k 
materials now being investigated. The present invention provides a method for preparing the dielectric 
surface for electrode deposition thereover, advantageously without significant deposition and preferably 
without significant modification of bulk properties of the dielectric. 

Anottier deposition technique facilitated by tiie metiiods of ttie prefened embodiments is atomic layer 
deposition (ALD). AID is a self-limiting process, whereby altemated pulses of reaction precursors saturate 
a substrate and leave no more than one monolayer of material per pulse. The precursors are selected to 
ensure self-saturating reactions, because an adsorbed layer in one pulse leaves a surface termination that 
is non-reactive with tiie gas phase reactants of tfie same pulse. A subsequent pulse of different reactants 
do react with the previous tennination to enable continued deposition. Thus, each cycle of altemated 
pulses leaves no more than about one molecular layer of tiie desired material. The principles of ALD type 
processes have been presented by T. Suntola, e.g. in the Handbook of Crystal Growth 3, Thin Films and 
Epitaxy, Part B: Growth Mechanisms and Dynamics, Cliapler 14, Atomic Layer Epitaxy, pp. 601-663, 
Elsevier Science B.V. 1994, the disclosures of which are incorporated herein by reference. 

Unfortunately, depending upon ttie chemistries employed, ALD does not deposit equally well on 
different starting substrates. Some ALD process recipes, for example, have been found stow or even non- 
operative in depositing over silfcon, and particulariy etched or cleaned silicon surfaces (typically hydrogen- 
tenninated). For example, it is unlikely that aluminum alkyls, such as (CH3)3Ai, can attach on a hydrogen- 
temiinated silicon surface in ALD processes for depositing AI2O3. 
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However, a first water pulse may react with the silicon surface and leave a hydroxyl tenminated (- 
OH) or oxygen bridged (Si-O-SI) silicon surface that serves as a starting surface for the chemisorption of 
altliminum aiicyls. The ALD process can proceed thereafter, as the prefemed precursors readily react with 
Si02 to deposit AI2O3 thereover. 

Prior to describing the processes in greater detail, the prefen-ed reactor for depositing polysilicon 
an'd poly-SiGe by CVD is first described below. White not illustrated separately, the ALD processes 
described below are more preferably perfomied in a Pulsar™ 2000 ALCVD™ Reactor, commercially 
available from ASM Microchemistry Oy of Espoo, Finland, which can also be modified to have a remote 
, plasma processing unit connected thereto. 
Prefen^ed Reactor ' , 

While the prefened embodiments are presented in the context of a single-substrate, horizontal flow 
cold-wall reactor, it will be understocxl that certain aspects of the invention will have application to reactors 
of other types. The illustrated single-pass horizontal flow design enables lamiriar flow of reactant gases, 
with low residence times, which in tum facilitates sequenfial processing while minimizing reactant intera(^n 
with each other and with chamber surfaces. Thus, among other advantages, such a laminar flow. 6nat}les 
sequentially flowing reactants that might react with each other. Reactions to be avoided include highly 
exothemiic or explosive reactions, such as produced by oxygen and hydrogen-bearing reactants, and 
reactions ttiat produce particulate contamination of the chamber. The skilled artisan will recognize, 
however, tiiat for certain sequential processes, ottier reactor designs can also be provided for achieving 
ttiese ends, provided sufficient purge time is allowed to remove incompatible reactants. 

FIGURE 1 shows a chemical vapor deposition (CVD) reactor 10, including a quartz process or 
reaction chamber 12, constructed in accordance witii a prefened embodiment and for which tiie mettiods 
disclosed herein have particular utility. While originally designed to optimize epitaxial deposition of silicon on a 
single substrate at a time, tiie inventcxs have found ttie superior processing control to have utility in CVD of a 
number of different materials. Moreover, ttie illustrated reactor 10 can safely and cleanly accomplish multiple 
tiieatment steps sequentially in flie same chamber 12. The basic configuration of flie reacbr 10 is available 
commercially under ttie trade name Epsilon® from ASM America, Inc. of Phoenix. AZ. 

A plurality of radiant heat sources are supported outside the chamber 12 to provide heat energy in the 
chamber 12 without appreciable absorption by the quartz chamber 12 walls. While the prefened embodiments 
are described in ttie context of a "cold wall" CVD reactor for processing semiconductor wafers, it will be 
understood tiiat ttie processirig mefliods described herein will have utility in conjunction witti oflier 
heating/cooling systems, such as ttiose employing inductive or resistive heating. 

The illustrated radiant heat sources comprise an upper heating assembly of elongated tube-type 
radiant heating elements 13. The upper heating elements 13 are preferably disposed in spaced-apart parallel 
relationship and also substantially parallel witti tiie reactant gas flow path tiirough tiie underiying reaction 
chamber 12, A lower heating assembly comprises similar elongated tub&4ype radiant heating elements 14 
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below the reaction chamtwr 12, preferably oriented transverse to the upper heating elements 13. Desirably, a 
portion of the radiant tieat is diffiisely reflected into the chamber 12 by rough specular reflector plates (not 
shown) above and below the upper and lower lamps 13., 14, respectively., Additionally, a plurality of spot lamps ■ 
15 supply concentrated heat to the underside of th? substrate support structure (described below), to 
counteract a heat sink effect created by cold support structures extending through the bottom of the reacfion 

chamber 12. i 

Each of the elongated tube type heating elements 13, 14 is preferably a high intensity tungsten 
filament lamp having a transparent quartz envelope containing a halogen gas, such as Iodine. Such lamps 
produce full-spectmm radiant heat energy transmitted through the walls of the reaction chamber 12 without 
appreciable absorption. As is laiown in the art of semiconductor processing equipment, the power of the 
various lamps 13. 14, 15 can be controlled independently or In grouped zones in response to temperature 

sensors. , , 

A substrate, preferably comprising a silicon wafer 16, is shown supported within the reaction chamber 
12 upon a substrate support stmcture 18. Note that, while the substrate of the illustrated embodiment is a 
slngle^aystal siBcon wafer, it will be understood that the temd "substrate" broadly refers to any surface on which 
a layer is to be deposited. Moreover, the principtes and advantages described herein apply equally v«eB to 
depositing layere over numerous other types of substrates, including, without limitation, glass substrates such 
as those employed in flat panel displays. > ' 

The illustrated support stmcture 18 includes a substrate holder 20. upon which the wafer 16 reste, and 
a support spider 22. The spider 22 is mounted to a shaft 24. which extends downwardly through a tube 26 
depending' from the chamber lower wall. Preferably, the tube 26 communicates with a source of purge or 
sweep gas which can flow during processing, inhibiting process gases from escaping to the tower section of the 
chamber 12. 

A plurality of teWerature sensors are positioned in proximity to the wafer 16. The temperature 
sensore may take any of a variety of forms, such as optical pyrometere or themiocouples. The number and 
positions of the temperature sensors are setected to promote temperature unifomilty, as will be understood In 
Hght of the description betow of the prefened temperature controlter. Preferably, however, the temperature 
sensors directly or indirectly sense the temperature of positfons in proximity to tiie wafer. 

In the illustrated embodiment, the temperature sensors comprise thermocouples, including a first or 
central thennocouple 28. suspended below the wafer holder 20 in any suitable fashion. The illustrated central 
themwcouple 28 passes through the spWer 22 In proximity to the wafer hoWer 20. The reactor 10 further 
includes a plurality of secondary or periphery thenrocouples. also in proximity to the wafer 16. including a 
leading edge or front themwcouple 29, a trailing edge or rear themwcoupte 30. and one or more skte 
themiocouples (not shown). Each of the peripheral thennocouptes are housed within a slip ring 32, whfch 
surrounds the substrate hoWer 20 and the wafer 16. Each of the central and peripheral themiocouples are 
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• connected to a PID temperature controller, which sets the power of the various heating elements 13, 14, IS in 
response to the readings of the themaocouples. 

In addition to housing the iperipheral themiocouples, the 'slip ring 32 absorbs and emits radiant heat 

during high temperature processing, such that it compensates for a tendency toward greater heat loss or 

♦ 

absorption at wafer edges, a phenomenon which is Icnown to occur due to a greater ratio of surfiaoe area to 
volume in regions near such edges. By minimizing edge losses, the slip ring 32 can reduce the risk of radial 
temperature non-unifomnities across the wafer 16. The slip ring 32 can be suspended by any suitabie means. 
For example, the Illustrated slip ring 32 rests upon elbows 34 which depend from a front chamber divider 36 
, and a rear chamber divider 38. The dividers 36, 38 desirably are fomied of quartz. insomearFangemente,the 
rear divider 38 can be omitted. ', . 

The illustrated reaction chamber 12 includes an inlet port 40 for the injection of reactent and carrier 
gases, and the wafer 16 can also be received therethrough. An outlet port 42 is on the opposite side of the 
chamber 12, with the wafer support stmctune IS.posItioned between the Inlet 40 and theouUet 42. 

An inlet component 50 is fitted to tfie reaction chamber 12, adapted to sunround the inlet port 40, 
and includes a horizontally elongated slot 52 through which the wafer 16 can be inserted. A generally 
vertical inlet 54 recewes gases from remote sources, as will be described more fully with respect tp FIGURE 
2, and communicates such gases with, the slot 52 and the inlet port 40. The inlet 54 can include gas 
injectors as described in U.S. Patent No. 5,221,556, issued Hawkins et al:, or as described with respect to 
Figures 21-26 in U.S. Patent 6,093.252, issued July 25, 2000, the disclosures of which are hereby 
incorporated by reference. Such injectors are designed to maximize unifomiity of gas flow for the single- 
wafer reactor. 

An outlet component 56 similarly mounts to the process chamber 12 such that an exhaust opening 58 
aligns with the outlet port 42 and leads to exhaust conduits 59. The conduits 59. in tum, can communicate with 
suiteble vacuum means (not shown) for drawing process gases through the chamber 12. In the prefened 
embodiment, process gases are drawn through the reaction chamber 12 and a downstream scrubber (not 
shown). A pump or fan is preferably included to aid in drawing process gases through the chamber 12. and to 
evacuate the chamber for low pressure processing. 

The prefen-ed reactor 10 also includes a source 60 of excited species, preferably positioned 
upstream from the chamber 10, The excited species source 60 of the illustrated embodiment comprises a 
remote plasma generator, including a magnetron power generator and an appliciator along a gas line 62. An 
exemplary remote plasma generator is available commercially under the trade name TRW-850 from Rapid 
Reactive Radicals Technology (R3T) GmbH of l\1unich, Genriany. In the illustrated embodiment microwave 
eneiigy from a magnetron is coupled to a flowing gas in an applicator along a gas line 62. A source of 
precursor gases 63 is coupled to the gas line 62 for introduction into the excited species generator 60. A 
source of carrier gas 64 is also coupled to the gas line 62. One or more further branch lines 65 can also be 
provided for additfonal reactants. As is known in the art, the gas sources 63, 64 can comprise gas tanks. 
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bubblers, 6te., depending upon the form and volaHlily of the readant species. Each gas iine can be 
provided with a separate' mass flow controller (MFC) and valv^i as shown; to allow selection of relative 
amounts of carrier and reactant species introduced tO|the eXcited species generator 60 and thence into the • 
reacfion chamber 12. i 

It will be understood that, in other arrangements, the excited species can be generated within the 
process chamber. For example, in situ plasmas can be generated by applying radio frequency (RF) power 
to spaced electrodes within the process chamber, as is known in the art. Exemplary In situ plasma CVD 
reactors are available, for example, from ASM Japan K.K. of Tol<yo, Japan under the trade name Eagle™ 
10 or Eagle™ 12. Furttiemnore, energy can be coupled to source gases by a number of means, including 
by induction, capadtively, ete., for either in situ or remote plasma generation. Preferably, however, a 
remote plasma source is employed for the processes described herein, laffording greater control for suriiace 
modification with minimal bull; effect. , 

Wafers are preferably passed from a handling chaniber (not shown), which is isolated from the 
sunounding environment, through the slot 52 by a pvMp device. The handling chamber and the processing 
chamber 12 are preferably separated by a gate valve (not shown) of the type disclosed in U.S. Patent No. 
4,828,224, the disclosure of which is hereby Incorporated herein by reference. 

The total volume capacity of a singte-wafer process chamber 12 designed for processing 200 mm 
wafers, for example, is preferably less than about 30 liters, more preferably less than about 20 liters, and most 
preferably less than about 10 liters. The iHiistrated chamber 12 has a capacity of about 7.5 liters. Because the 
illustrated chamber 12 is divided by the dividere 32. 38, wafer holder 20, ring 32. and the purge gas flowing 
from the tube 26, however, the effective volume through which process gases flow is around half the total 
volume (about 3.77 liteis in the illustrated embodiment). Of course, it winii be understood that the volume of the 
single-wafer process chamber 12 can be different depending upon the size of the wafers for which the 
chamber 12 is designed to accommodate. For example, a single-wafer processing chamber 12 of the 
Illustrated type, but for 300 mm wafers, preferably has a capacity of less than about 100 liters, more preferably 
less than about 60 liters, and most preferably tess than about 30 liters. One 300 mm wafer processing 
chamber has a total volume of about 24 liters, with an effective processing gas capacity of about 1 1 .83 liters. 

FIGURE 2 shows a gas line schematic, in accordance with the prefened embodiment The reactor 10 
is provided with a source 70 of oxidizing agent or oxidant. ■ The oxidant source 70 can comprise any of a 
number of known oxidants, particularly a volatile oxidant such as O2, Oj, NO, H2O, N2O, HCOOH, HCIO3. 
Preferably, the oxidant is introduced in an inert cam'er gas flow, such as N2. In other anangements, pure 
reactant flows can also be used, In still other anangements, an oxygen-conteining source gas can be provided 
to the remote plasma generator 60 to provide excited species for oxidation. 

As also shown in FIGURE 2, the reactor 10 further includes a source 72 of hydrogen gas (H2). As is 
known in the art. hydrogen is a useful carrier gas and purge gas because it can be provkted in very high purity, 
due to ite low boiling point and is compatibte with sificon deposition. H2 can also be emptoyed in a high 
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temperature hydrogen b^ake to sublimate native oxide prior to layer fonnation. Ha can also flow through the 
exdted species generator 60 to generate H radicals for native oxldb cleaning or for other purposes. 

The prefenBd reactor 10 also includes a soured 73 of nitrogen gas (N^. As is known in the art, Nz is 
often employed in place of Ha as a earner or purge gas in semiconductor fabrication. Nitrogen gas is relatively 
inert and compatible with many integrated materials and process flows. Other possible carrier gases include 
noble gases, such as helium (He) or aigon (Ar). 

A liquid reactant source 74 is also shown. The liqukl source 74 can comprise, for example, lk]uid 
dichlorosilane (DCS), trichlorosilane (TCS) or higher order silane sources in a bubbler, and a gas line for 
bubbling and canying vapor phase reactants from the bubbler to the reaction chamber 12. The bubbler can 
alternatively (or additionally) hold liquid Ta(OC2H5)5 as a metal source, v^ile a gas line sen/es to bubble Ha, Na, 
Ne, He or Ar through the liquid metal source and transport metaltorgank: precurors to the reactton chamber 12 
in gaseous fomn. 

Desirably, the rd^tor 10 will also include other source gases such as dopant sources (e4, the 
illustrated phosphine 76, arsine 78 and diborane 80 sources) and etchants for cleaning the reactor walls and 
other intemal components (e.g., HCI source 82 or NFs/CIa provkled as the plasma source gas 63 for feeding the 
excited species generator 60). For deposition of poly-SiGe in accordance with the prefened embodiments, a 
source of gemnanium 84 (e.g., gennane or Ge\U) is also provided for doping or fonnation of SiGe films. 

Additional source gases include an ammonia (NHa) source (not shown), which serves as a volatile 
nitrx)gen source, useful in CVD and nitridation anneal steps. A silkx)n source 86 is also provkied, illustrated as 
monosilane (SIHa). As is known in the art, silanes, including monosilane (SIHa), disilane (SiaHe), trisilar^ 
(SiaHs). DCS and TCS, are volatile silicon sources for CVD applications, such as the deposition of poly-SiGe, 
silicon nitride, metal silickles, and extrinsic or intrinsic silicon (polycrystalline, amorphous or epitaxial, 
depending upon deposition parameters). Monosilane (SiH4), as illustrated, is partteulariy preferred to avokl 
chlorine incorporation into sensitive gate dielectric stmctures. 

Each of the gas sources may be connected to the inilet 54 (FIGURE 1) via gas fines with attendant 
safety and contrcl valves, as well as mass flow oontrcllers ("MFCs"), which are coordinated at a gas panel. 
Process gases are communicated to the inlet 54 (FIGURE 1) in accordance with directions programmed into a 
central controller and distributed into the process chamber 12 through injectors. After passing through the 
process chamber 12, unreacted process gases and gaseous reaction by-products are exhausted to a scrubber 
88 to condense environmentally dangerous fiimes before exhausting to the atmosphere. 

In addition to the conventional gas sources and liquid bubblers, discussed above, the prefened 

reactor 10 includes the excited species source 60 positioned remotely or upstream of the reaction chamber 

12. The illustrated source 60 couples microwave energy to gas flowing in an applicator, where the gas 

includes reactant precursors from the reactant source 63. For the processes described below, the plasma 

source gases 63 include a source of fluorine (e.g., NF3. Fa or BaFe), a source of chlorine (e.g., CI2) and/or a 

source of nitrogen (e.g., Na or NH3). Other useful plasma source gases for the preferred processes include 
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H2, O2, NO. N2O, He, and Ar. A plasma is ignited within the applicator, and excited species are carried 
toward the chamber 12. Preferably, of the excited species generated by the source 60, overly reactive Ionic 
species substantially recomblne prior to entry into the chamber 12. On the other hand, radicals such as F, 
\ CI, N or 0 survive to enter the chamber 12 and react as appropriate. As will be clear irom the general 
process discussion below, remote plasma-generated excited species facilitate 'higher quality layers as well as 
possible gieater wafsr thrx)ughput 
Process Flow 

FIGURE 3 shows a general process sequence in accordance with the invention, illustrated in the 
context of forming a transistor gate stack on a semiconductor substrate. As illustrated, a single substrate, 
including a semiconductor stnicture, is first cleaned 100 to remove contaminants and naturally occurring or 
native oxide on the semiconductor stnicture. The semiconductor structure can comprise, among other 
things, an epitaxial silicon layer or the top surface of a monolithic silicon layer. Conyentionally, wafer 
cleaning prior to gate oxide growth is conducted ex ^itu prior to loading the wafer into the process chamber. 
For example, wafers may be cleaned in an SCI/HF wet etch bath. Alternatively, an integrated HF and acetic 
acid vapor clean can be conducted in a neighboring module within a cluster tool, reducing transport time 
and opportunity for recontamination or reoxidation. For some applications, the cleaning oxide left'by the 
SCI step is not removed, but is instead used as the Initial oxide layer. In another possibility, a hydrogen 
bake step can be conducted within the chamber 12 to sublimate native oxide. Small amounts of HCI vapor 
can be added to this step to aid in cleaning metel contaminants and the like during the hydrogen bake. In 
still another an^ngement, plasma products can assist or conduct in sAu cleaning, such as by substituting H 
radicals for hydrogen gas. 

Bther after ex situ cleaning, or prior to in Bitu cleaning, the wafer or other substrate is loaded into 
the process chamber. Cteaning 100 of native oxide tends to leave a hydrogen-tenninated surfiace, which 
advantageously inhibits spontaneous reoxidation upon exposure to the clean room environment or other 
source of oxidants. Unfortunately, such hydrogen termination can also inhibit subsequent AID processes, 
such as the illustrated ALD deposition of 2r02 or AI2O3. One method of faciliteting adsorption of reactents Is 
to deposit a thin interfacial layer. Disadvantageously, however, such a layer increases the overall thickness 
of the dielectric to be formed upon the substrate and also tends to decrease the effective dielectric constant. 

Accordingly, the preferred embodiments employ an excited species treatment 1 10 of the cleaned 
substrate surface, preferably conducted in the same chamber as a subsequent deposition 120 of the gate 
dielectric. The treatment modifies the surface temriination of the substrate to promote subsequent 
deposition. Advantageously, the treatment 110 is tuned such that the excited species impart sufficient 
activation energy to break the surface bonds (in the illustrated embodiment, of hydrogen-silicon bonds and 
Si-Si bonds) and fonn new ones, while temperature is maintained low enough to prevent etching of the 
substrate or signiffcant diffusion of active species into the bulk material. Additionally, no appreciable 
deposition takes place. At the most, a monolayer of tenninating tails is left by the excited species treatment 
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.110. As discussed below, while no deposition beyond surface termination takes place, some conversion of 
the top few monolayers of the substrate can be advantageous. 

The excited species treatment can be conducted In sHu in the same chamber as a subsequent 
dielectric deposition 120. In this case, the substrate temperature is preferably set to match that desired for 
the subsequent deposition 1 20 within the same chamber. 

In one embodiment, the excited species treatment 110 includes exposure to fluorine or chlorine 
radicals in sufficient supply to break surface bonds, but insufficient to etch the preferred silicon surface. 
Sources gases provided to the preferred remote plasma generator 60 (FIGURE 2) include NF3, F2, B2F6, CI2, 
, CF4, etc. Argon, helium or other inert gas can also flow to aid formation of glow discharge and serve as 
carrier gas, but the total flow rates and partial pressures are preferably an^nged to keep reaction chamber 
pressure below about 10 Ton* for maintaining, operation of the remote plasma unit Preferably, the process 
parameters are tuned to be sufficient for breaking surface bonds wi;thout significant bulk modification. In the 
illustrated embodiments, wherein subsequent deposition 120 is conducted in sHubv ALD, temperatures are 
preferably in the range of room temperature to 700**C, more preferably from 200'*C to 500X. For the given 
temperature, pressure, remote plasma power, reaction times and reactant concentratidns are adjusted to 
achieve the desired surface conditioning. 

In another embodiment, a nitrogen source, such as ammonia (NH3) or nitrogen gas (Nz) can be 
supplied to tiie substrate to break surface bonds and create Si-N > bonds, depending on flie. nature of the 
subsequent deposition. Argon, helium or ottier inert gas can also flow to aid fomiation of glow discharge 
and serve as canrier gas, but the total flow rates are partial pressures are preferably ananged to keep 
reaction chamber pressure below about 10 Ton^ for maintaining operation of the remote plasma unit As 
noted, the process does not result in a deposited layer. Process parameters are preferably selected to 
replace Si-Si bonds in the upper few monolayers of the substrate with Si-N bonds, particularly converting 
less than about 10 A of the substrate surface to silicon oxynitride, nriore preferably forming about 2 A to 5 A 
on average. Process parameters are set to avoid significant nitrogen diffusion into ttie bulk, beyond ttie 
nitrogen incorporation in the upper few monolayers of tiie substrate. Preferably, the bulk substrate contains 
less flian about 1% atomic concentration of nitrogen. As noted with respect to F or CI treatment, the excited 
species treatment 110 can be conducted in situ with subsequent high k dielectric fomiation 120, such ttiat 
the same temperature range as the subsequent deposition can be employed for the excited species 
treatment 110. Fertile given temperature, pressure, remote plasma power, process duration and reactant 
concentrations can be adjusted to for the desired limitations on nitrogen penetration into flie bulk. 

Following excited species treatment 110, ttie gate dielectric is deposited 120 over tiie treated 
surface. The deposition 120 can also include radical species flow; however, in such a case, the radical 
supply from the excited species treatment 110 will typically be different from the supply employed in the 
deposition 120. Accordingly, the flow of radicals from the excited species treatment 110 is preferably 
stopped prior to deposition 120. 
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In accordance with the prefemed embodiment, the deposifion 120 comprises an ALD-type ■ 
deposition, wherein alternated pulses saturate the surfece, ancjl each cycle llsaves no more than about 1 
monolayer of the dielectric material. In the examples ^elow; an aluminum source gas or zirconium source 
gas is altemated with an oxygen source gas to form aluminum oxide (AI2O3) and zirconium oxide (Zr02). 
The skilled artisan will appreciate that similar recipes can be employed other high k materials, such as 
hafnium oxide (HfO^, tantalum oxide (TaaOs), barium strontium titanate (BST) or strontium bismuth tantalate 
(SBT), 

» 

The first pulse of the ALD deposition advantageously reacts with the tennination left by the excited 
species surface treatment 110. Alternatively, a furtheir surface treatment can be provided prior to the 
deposition. For example, a water treatment can more readily react with the surface after the exdted 
species treatment 110, to leave a hydroxyl-tenninated surface that readily react with subsequent ALD 
processes. 

In one embodiment, either before or after the excited species treatment 1 10, the silicon wafer was 
loaded into the reaction space of Pulsar™ 2000 reactor (commercially available from ASM Microchemistry 
of Espoo, Finland), which is designed for ALD processes. The reaction space was evacuated to vacuum 
with a mechanteal vacuum pump. After evacuation the pressure of the reaction space was adjusted to 
about 5 - 10 mbar (absolute) with flowing inert gas (e.g., helium, argon or nitrogen gas) that had a purity of 
99.9999%. Then the reaction space was stabilized at SOO^'C. Alt^mating vapor phase pulses of (CH3)3AI . 
and H2O, vaporized from external sources! were introduced into the reaction space and contacted with the 
substrate surface. The source chemical pulses were separated from each other with flowing nitrogen gas. 

Each pulsing cycle consists of four basic steps: 

• (CH3)3A1 pulse 

• N2 purge 

• H2O pulse 

• N2 purge. 

An exemplary aluminum oxide deposition cycle is summarized in Table I. 



Table I: AI2O3 



Phase 


Reactant 


Temperature 


Pressure 


Time 






rc) 


(mbar 


(sec) 


pulse 1 


TMA 


300 


5-10 


0.2 


purge 1 




300 


5-10 


1.1 


pulse 2 


H2O 


300 


5-10 


1.5 


purge 2 




300 


5-10 


3.0 
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The number of cycles determine the thickness of the layer. The growth rate of AI2O3 from (CH3)3AI 
and H2O is typically near 0.1 nm/cycle or 1 A/cycle, at 300X, Or about 34 cycles/monolayer (AI2O3 has a 
bulk lattice parameter of about 3 A). The methyl temiihations left by each TMA pulse reduce the number of 
available chemisorption sites, such that less than a full monolayer fonns with each pulse. The pulsing cycle 
Is repeated sufficient times to produce the desired layer thickness. Aluminum oxide can be used as the 
gate dielectric, or as a thin layer prior to forming another dielectric layer. 

In another an^ngement, Zr02 is deposited by an ALD type process. ZrCl4 vapor is introduced to 
the reaction chamber and exposed the wafer surface for 1 .5 s. This is refened to as pulse A. The reaction 
chamber was purged with nitrogen gas for 3.0 s to remove surplus ZrCl4 and byproducts from the reaction 
chamber. This is refened to as purge A. Then water vapor was introduced to the reaction chamber and 
exposed to the wafer surface for 3.0 s. this is refened to as pulsb B. Residual H2O and reaction 
byproducts were removed by purging the reaction chamber for 4.0 s. This is refenped to as purge 6. During 
each of the reaction iphases, the reactants are supplied in sufffcient quantity for the given other parameters 
to saturate the surface. 

This exemplary high-k depositfon cycle is summarized in Table II. 



TABLE II: ZrOa 



Phase 


Reactant 


Temperature 


Pressure 


Time 






ro 


(mbar) 


(sec) 


pulse A 


ZrCU 


300 


5-10 


1.5 


purge A 




300 


5-10 


3.0 


pulse B 


H20 


300 


5-10 


3.0 


purge B 




300 


5-10 


4.0 



The cycle of Table II, consisting of pulse A. purge A, pulse B, purge B, was repeated 51 times. 
The average deposition rate is about 0.59 A/cycle at 300X, such tiiat flie Zr02 thickness was about 30 A. 

More generally, temperatures during an ALD process preferably fall between about 200X and 
500X, depending upon the acceptable level of chlorine incorporation into the layer. At higher 
temperatures, the chlorine content goes down. Too much chlorine can lead to charge trapping. At 300**C 
chlorine content has been measured at about 0.5%. For an amorphous Zr02 layer, the temperature is more 
preferably at the low end of this range, between about 200'C and 250X. and most preferably at about 
225^*0. For a crystalline film, the temperature is more preferably at flie high end of this range, between 
about 250**C and 500**C, and most preferably about 300°C. As will be appreciated by the skilled artisan, 
however, mixtures of amorphous and crystalline composition result at the boundary of ttiese two regimes. 
The illustrated process produces a largely crystalline Zr02 film. 



-13- 



wo 02/43115 PCTAJSOl/44006 

In this case, the metal monolayer formed in the metal phase is self-terminated with chloride, which 
' does not readily react with excess ZrCU under the preferred conditions. The preferred oxygen source gas, 
however, reacts with or adsorbs upon the' chloride-temiinated surface during the oxygen phase in a ligand- 
exchange reaction limited by the supply of zirconium chloride complexes previously adsorbed. Moreover, 
oxidation leaves a hydfoxyl and oxygen bridge termination that does not further react with excess oxidant in 
the saturative phase. 

Preferably, sufficient cycles, are conducted to grow between about 20 A and 60 A of Zr02. More 
preferably, sufficient cycles are conducted to grow between about 20 A and 40 A. The dielectric constant of 
the layer is between about 18 and 24. In the illustrated examples; 30 A of Zr2Q3 was foniied. 

An excited species treatment 125 follows dielectric formation 120. Whether the dielectric 
comprises conventional silicon oxide or a high k material (havirtg a dielectric constant or k value greater 
than about 4), the excited species treatment 125 advantageously fecilitates polysilicon or poly-SiGe 
nucleation over the dielectric surface. The inventtoi) can also have application to facilitating nucieatton of 
SiGeC and silicon nitride or AI2O3 layers deposited over the high k material by CVD. The described 
treatment has also been found to have additional benefits in protecting the high k material and underiying 
substrate from degradation during subsequent processing, as will be described in more detait with respect 
to FIGURES 4A and 4B below. 

Like the excited species treatment 110 preceding ALD, the treatment 125 preceding silicon or poly- 
SiGe deposition modifies the surface termination of the substrate to promote subsequent deposition. 
Advantageously, the treatment 125 is tuned such that the excited species impart suffrcient activation energy 
to break the surface bonds and fomi new ones, while process parameters are tuned to maintain energy 
levels low enough to prevent etching of the substrate or significant diffusion of active species into the bulk 
material of the gate dielectric. Additionally, no appreciable deposition takes place. At the most, a 
monolayer of terminating tails Is left by the excited species treatment 125. However, the process can be 
tuned to convert the topmost few monolayers of high k oxide to nitride by breaking metal-ox^en bonds and 
replacing them with metal-nitrogen bonds. Preferably, temperatures are kept between about room 
temperature and 800*C. 

The excited species treatment 125 can be conducted in the same chamber as the preceding 
dielectric deposition 120, but is more, preferably conducted in the same chamber as the subsequent 
electrode formation 130. Accordingly, temperatures during the treatment 125 are preferably matched with 
at least the initial stages of polysilicon or poly-SiGe deposition conditions, while other parameters (pressure, 
reactant concentration, plasma power, process duration) are optimized to have the desired surface 
modification with minimal bulk effects. In the illustrated embodiments, wherein subsequent electrode 
formation 130 comprises polysilicon or poly-SiGe deposition by CVD. temperatures during the treatment 
125 are more preferably in the range of about 300X to 800^*0, and most preferably from about 500'C to 
700X. 
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In one embodjment, the excited species treatment 125 includes exposure to fiuorin^ or chlorine 
radicals in sufficient supply to break surface t)onds, but insufficient to etch the preferred high k surface. 
Sources gases provided to the preferred remote plasm^ generator 60 (FIGURE 2) include NF3, F2, B2F6, CI2, 
CF4, etc. Argon, helium or other inert gas can also flow to aid formation of glow discharge, but reaction 
chamber pressure is preferably kept below about 10 Ton" for maintaining operation of the remote plasma 
unit. 

Preferably, the process parameters are tuned to be sufficient for breaking surtee bonds without, 
significant bulk modiflcatiori. In the case of in situ deposition 130 of the gate electrode, the substrate 
temperature is preferably set to match that desired for the subsequent deposition within the same chamber. 
For the given temperature, pressure, remote plasma power, process duration and reactant concentrations 
can be adjusted to for the desired surface conditioning. ' 

In another embodiment a nitrogen source, such as ammonia (NH3) or nitrogen* gas (N^ can be 
supplied to the substrate to break surface bonds and create m^tal-nitrogeri. N2 is particularly preferred as 
the nitrogen source to minimize hydrogen content in the process. Argon, helium or other inert gas can also 
flow to aid fonnation of glow discharge, but reaction chamber pressure is preferably kept betow about 10 
Ton* for maintaining operation of the remote plasma unit 

As noted, the process 125 does result in any significant deposition or increased thickness. 
Process parameters are preferably selected to replace metal-oxygen bonds in the upper few monolayers of 
the high k dielectric with metal-nitrogen bonds, fonning a metal oxynitride. In particular, the excited species 
treatment 125 of the high k dielectric preferably converts less than about 10 A of the dielectrk: surface to 
silicon oxynitride, more preferably forming about 2 A to 5 A on average. At the same fime, energy levels in 
the process are maintained to avoid significant nitrogen diffusion into the bulk dielectric, beyond the nitrogen 
incorporation in the upper^few monolayers of the dielectric. Preferably, the bulk dielectric contains less than 
about 10% atomic concentration of nitrogen at a depth of 10 A. 

Next; the gate electrode is deposited 130 over the treated gate dielectric, preferably in the same 
chamber as the prior surface treatment 125 and preferably in situ doped. The gate electrode preferably 
contains silicon and is CVD deposited. In the example described herein, the gate electrode comprises a 
CVD silicon germanium alloy, preferably having the fom^ Sii-xGex, deposited by flowing a silfeon source 
(SiH4 in the illustrated example) and a gennanium source (germane or GeH4 in the illustrated example) over 
the treated gate dielectric. The prior remote plasma treatment 125, however, is also of benefit for other 
nucleation-sensitive deposition processes. 

For simplicity, the silicon gennanium layer will be refenfed to more generally as poly-SiGe. 
Preferably, the poly-SiGe deposition 130 immediately follows excited species surface treatment 125 within 
the same chamber. Alternatively, an initial silicon seed layer can be deposited prior to poly-SiGe. 
Preferably, either polysilicon or poly-SiGe deposition is conducted under atmospheric or near-atmospheric 
conditions. 
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As noted, the deposition of poly-SiGe preferably comprises flowing a silicon source gas, a 
gemnanium source gas and a carrier gas in a chemical vapor deposition process. In the illustrated 
enr|bodiment, the silicon source gas comprises monosilane {S\Hfi}, the germanium source gas comprises 
dilute germane (1.5% GeH4 in an inert gas), and the earner gas comprises nitrogen (N2). The silane flow 
can be between 50 seem and 500 seem, more preferably between about 100 seem and 400 seem. The 
dilute germane (1.5% gemnane in the illustrated embodiment) is preferably provided at a rate between 50 
seem and 5,000 seem, more preferably between about 100 seem and 1,000 seem. The carrier flow is 
preferably between 5 sIm and 50 sIm, more preferably about 20 sIm. 

In the illustrated embodiment, without the aid of plasma or other silipplemental energy sources, 
temperature during the deposition preferably is between about ^O^C and 800°C, more preferably between 
about 550°C and 650^C, most preferably is at about 600°C plus or minus 15°C. At the lower end of these 
ranges, poly-SiGe deposition is too slow for commercial applications. At the upper end of these ranges, on 
the other hand, genmanium incorporation into the layer Is reduced' and surface roughness increases. For 
alternative silicon source gases, such as disilane and trisilane, ttie temperature for tiie deposition can be as 
low as 300X, at least initially, with a prefen'ed range of 500*^0 to 700''C. Advantageously, such higher 
order silanes exhibit a lower hydrogen:silieon ratio, and thus reduces risic of hydrogen diffusibh ttiroajgh the 
sur^ce and consequent reduction of the high k material to metal. 

The poly-SiGe deposition is preferably conducted at greater flian about 500 Torr, more preferably 
at greater than about 700 Torr, and is most prefierably conducted at about atnrK)spheric pressure (760 Torr). 
Slight pressure differentials due to gas flows are of negligible effect As will be appreciated by the skilled 
artisan, atmospheric deposition reduces ttie efficiency witti which precursors are converted to deposited poly- 
SIGe. However, ttie inventor has found deposition under atmospheric pressures to attain greater benefits to 
operational efficiency. 

The gemnanium content in ttie poly-SiGe layer is preferat)ly between about 10% and 80%, more 
preferably between about 20% and 50%. The overall ttiickness of ttie layer is preferably between 500 A 
and 1 ,500 A, and more preferably between about 500 A and 1 ,000 A. 

An exemplary recipe for poly-SiGe deposition, using H2 earner gas, includes flow of about 500 
seem 1.5% gemiane, 100 seem silane and 20 sIm carrier gas at atmospheric pressure and 600'C. The 
skilled artisan will appreciate that the conditions should be separately optimized for performance with an N2 
carrier gas. Such flows produce a silicon germanium layer witti a germanium content of between about 
18% and 20%. Witti the same earner and silane flow, 4,500 seem dilute germane silane produces a 
gemnanium content of about 50%. 

Poly-SiGe deposition 130 is most preferably followed by deposition of a cap layer. The cap layer 
preferably comprises silicon, and most preferably amorphous silicon. A relatively ttiin cap layer (e.g., about 
100 A) can be employed to minimize ttie risk of oxidizing gemnanium in the SiGe layer. On ttie ottier hand, 
ttie cap layer may also serve as a sacrifk^ial layer for later silieidation, In accordance witti many gate stack 
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.designs. In this case, the cap layer is thicker and is preferably between about 1.000A and 2,500 A, The 
amorphous silicon cap can be followed by formation of a metal layer over the cap layer. This metal layer 
cah then be annealed to react the overlying metal with the underlying silicon, in a standard silicidation 

, reaction. While not illustrated, a dielectric cap layer can also be deposited over the conductive fayers of the 
gate stack described above. 

Once the gate stack has been completed, the gate electrodes are preferably pattemed by 
conventional photolithographic techniques and etching. In other an^ngements, the gate electrodes can be 
patterned prior to deposition of the metal layer, and the metal can be employed In a self-aligned silicidation, 

, as is known in the art 

Having coiripleted the gate stack, further processing to'complete the integrated circuit follows. For 
example, gate stacks typically are Insulated by blanket deposition of a. dielectric and spacer etch. 
Transistor active areas are then doped to fonn source and drain regions to either side of the pattemed 
electrodes, and wiring or "back end" processes complete the circuit 

Advantageously, the excited species treatments 110 (prior to ALD) and 125 (prior to poly-SiGe 
deposition) facilitates deposition over the treated surfece. In' the first example, the excited , species 
treatment 110 facilitates adsorption of ALD reactants, and it will be appreciated that such benefit will attach 
in various other contexts where AID is desired over a non-reactive substrate. 

In the second example, surface treatment 125 enables, rapkl incubation and therefore fester 
deposition fames for the overiying silicon-containing layer, such as the illustrated poly-SIGe layer, as well as 
better overall layer quality. Direct deposition of in situ gennanium-doped silicon layers (wittiout excited 
species treatment 125) tends to etch the underiying gate dielecbic in competition wiUi deposition, ttius 
increasing incubafaon times. As will be appreciated by tiie skilled artisan, the increased incubation time and 
consequent increase in overall deposition time results in lower wafer ttiroughput whk:h can mean the 
difference between commercially viable and non-viable processes in the highly competitive semiconductor 
fabrication industry. Furthemiore, better incubation also entails a higher quality layer. The skilled artisan 
will appreciate, in view of the present disclosure, fliat undoped silicon or polysilicon in situ doped witii 
phosphorus, arsenic or boron will also experienced improved incubation times. 

Remote plasma nitridation of a high k dielectric top surface, prior to gate electrode fonrtafaon, has 
been found to have additional benefits. In addition to improved nucleation of silicon-containing layers 
deposited ttiereover, ttie surface treatment has been found to also reduce degradation of the high k material 
during tfie subsequent deposition. The ttiin nitride or oxynitride formed by the excited species treatment is 
believed to inhibit reduction of the high k material. Such reduction, which would leave conductive metal in 
place of metal oxide, can othenwise result from the gate elecbt)de deposition, particulariy where ttie 
deposition recipe employs a high hydrogen content and/or high temperatures. Furttiemiore, oxygen 
diffusion through the high k layer can also be inhibited by tiie minimal nifa-idization effected by tfie prefenred 
excited species fareat^ents 110, 1 25. 
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FIGURES 4A and 4B illustrate a transistor gate incorporating such a dielectric stacic In particular, a ' 
semiconductor substrate 200 is shown with a transistor gate stack 210 fonned thereover. In the illustrated 
embodinfient, the substrate 200 comprises an upper portion of a single-crystal silicon wafer, though the skilled 
artsan will appreciate that the substrate can also coniprise other semiconductor materials. 

The gate stack 210 includes a poly-SiGe .electrode layer 220, with sidewall spacers 230 and an 
insulating layer 240 protecfing and isolating the electrode 220 in a conventional manner. Also illustrated is a 
more highly conductive strapping layer 250, typically including metal, over the poly-SiGe 220. The strap 250 
^cilitates rapid signal propagation among transistor gates across the wafer, connecting the gates to logic 
circuits. In other an^ngements. the gate electrode may comprise an In situ doped polysilicon layer. 

A gate dielectric 260, fonfned by the exemplary processes described above, separates the gate 
electrode 220 from the substrate 200. As noted in the Background sectior^ above, the gate dielectric 260 is a 
critical feature in the pursuit of denser and tester circuits. 

As best seen from the enlarged view of FIGURE 48, fhe prefened gate dielectric 260 includes an 
interface 262 with the underlying substrate 200, a bulk dielectric layer 264, and an interface 266 with the 
overiying gate electrode 220. The interteces 262, 266 of the illustrated embodiment do not repiBsent deposited 
layers; rather, the interteces have been slightly modified prior to the deposition of the teyer thereover. In other 
arrangemente, the plasma treatmente could leave additional layers. In the illustrated embodiments, a remote 
plasma provides radicals for modifying the first interface 262 immediately prior to AU), where the surface 
modification facilitates adsorption of AID reactanb. A remote plasma also provide radicals for modifying the 
second interface 266 immediately prior to in situ deposition of silicon-conteining layers, sudi as polysilteon, and 
particulariy intrinsic polysilicon and poly-SiGe deposition by CVD, where the surface modification tedlitates 
nucleation of poly-SiGe. In the case of remote plasma nitridalion, the lower interface 262 comprises a 
nitridized portion of the substrate 200 preferably extending less than about 10 A into the substrate 200, more 
preferably comprising about 3 A to 5 A. Preferably the bulk substrate underneath this interface 262 contains 
less than about 1 atomic % nitrogen. The upper interface 266 similariy preferably exhibits a tow percentage of 
nitrogen (preferably less than 10 atomte %) at a distance of 10 A betowthe gate electrode 220. 

It will be appreciated by those skilled in the art that various omisstons. additions and modifications 
m.ay be made to the processes described above without departing from the scope of the inventfon. and all 
such modifications and changes are intended to fall within the scope of the invention, as defined by the 
appended claims. For example, while illustrated in the context of surface treatment prior to ALD and CVD, 
the skilled artisan may also find application for radical treatment of surfaces prior to other forms of 
deposition, including but not limited to MOCVD and JVD. 
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WE CLAIM : . . , 

1. A method of depositing a film over a surface! in a partially fabricated integrated cirtuit, 
comprising exposing the surface to products of a piksma, thereby modifying termination of the surface 
without significantly affecting buk properties beneath 'the surface, and depositing a layer thereover after 
modifying tiie surface termination. 

2. The method of Claim 1, wherein depositing the layer comprises a nucleation-sensitive 

process. 

3. The method of Claim 2, wherein the nucleatlon-sensitive deposition comprises chemical 
vapor deposition of an electrically conductive silicon-containing layer. 

4. The metiiod of Claim 1 , wherein the surface comprises a top surface of a transistor gate 
dielectric layer and the silicon-containing layer comprises polycrystalllne silicon germanium alloy (poly- 
SiGe). • 

5. The mettiod of Claim 4, wherein a gemiahium content at an internee witti the gate 
dielectric layer and tt)e poiy-SiGe layer is between about 20% and 50%. 

6. The method of Claim 4, wherein tiie gate dielectric layer comprises a high dielectric 

» 

material. 

7. The metiiod of Claim 4, wherein depos|iting flie silicon gennanium layer comprises 
simultaneously flowing a silicon source gas and gennane. 

8. The metiiod of Claim 1, wherein depositing the layer comprises an adsoptlon-driven 

process. 

9. The method of Claim 8, wherein tiie adsorption-driven process comprises atomic layer 
deposition (ALD). 

10. The method of Claim 9, wherein the ALD comprises depositing an oxide having a higher 
dielectric constant ttian silicon nitride. . 

11. The mfhoi of Claim 10, wherein the oxide is selected frond the group consisting 
of aluminum oxide, zirconium oxide, hafnium oxide, barium strontium fitanate and strontium 
bismuth tantalate. 

12. The method of Claim 1, wherein exposing^ comprises providing a flow of radicals from a 
remote plasma source to the surface. 

13. The method of Claim 1 2, wherein the flow of radicals is stopped prior to depositing. 

14. The method of Claim 1, wherein exposing does not appreciably affect bulk properties of 
material underiying the surface. 

15. The method of Claim 14, wherein ttie products of ttie plasma comprise nitrogen excited 
species, the surface overiies a semiconductor substrate, and the bulk substrate contains less than about 1 
atomic % nitrogen. 
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16. The method of Claim 14, wherein the products of the plasma comprise nitrogen excited 
species, the surface overlies a gate dielectric with a dielectric constant greater than at)Out 4, and the gate 

dielectric comprises less than 10 atomic % nitrogen at about 10 A.from the surface. 

I ' 

^ 1 7. The method of Claim 1 , wherein exposing does not deposit a layer greater thar) about one 

atomic monolayer. < 

^, 18. The method of Claim 17, wherein exposing converts metal oxide to metal oxynitride no 
more than about 10 A from the surfoce. 

19. A method of fonming a transistor gate stack, the method comprising: 
fonning a gate dielectric over a semiconductor substrate; 

exposing the gate dielectric to a source of nitrogen excited species, wherein exposing 
incoiporates less than about 10 atomic % nitrogen at a ijepth of greater than about 10 A from an 
upper surface of the gate dielectric; and 

depositing a silicon-containing gate electrode over the gate dielectric after exposing the 
gate dielectric to the source of nitrogen excited species. 

20. The method of Claim 19, wherein the gate dielectric comprises a material sielecled from 
the group consisting of aluminum oxide, zir(X)nium oxide, hafnium oxide, tantalum oxide, barium strt)ntlum 
titanate and strontium bismuth tantaiate . 

21. The mettiod of cym 20, wherein the gate dielectric comprise zirconium oxi^^ 

22. The mettiod of Claim 19, further comprising exposing a sur^ce of the semiconductor 
substrate to a source of nitrogen excited species prior to fbmning the gate dielectric. 

23. The mettiod of Claim 22, wherein exposing the surfiace of flie semiconductor substrate fomis 
less than about 10 A of silicon oxynitride. 

24. The method of Claim 23, wherein fomiing the gate dielectric comprising an atomic layer 
deposition. 

25. The mettiod of Claim 19, wherein depositing the silicon-containing gate electrode comprises 
depositing a layer of silicon-gennanium by chemical vapor deposition. 
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